The structure and nature of water confined between hydrophobic molybdenum disulfide (MoS 2 ) and graphene (Gr) are investigated at room temperature by means of atomic force microscopy (AFM). We find the formation of two dimensional (2D) crystalline ice layers. In contrast to the hexagonal ice 'bilayers' of bulk ice, these 2D crystalline ice phase consists of two planar hexagonal layers. Additional water condensation leads to either lateral expansion of the ice layers or to the formation of 3D water droplets on top or at the edges of the two-layer ice, indicating that water does not wet these planar ice films. The results presented here are in line with a recent theory suggesting that water confined between hydrophobic walls forms 2D crystalline two-layer ice with a non-tetrahedral geometry and intrahydrogen bonding. The lack of dangling bonds on either surface of the ice film gives rise to a hydrophobic character.
Introduction
The properties and structure of water at planar surfaces have been extensively investigated using surface science techniques [1] [2] [3] [4] [5] due to enormous interest in many fields including environmental sciences, lubrication, 6 nanofluidics 7 and biology. 8 The structure and nature of water is often affected by the surface's structure and wettability, pressure and temperature.
For example, due to the strong binding of water to hydrophilic substrates, the structure of water near the surface is influenced by the substrate. This often results in non-tetrahedral bonding geometries, as has been observed for crystalline hydrophobic ice films grown on Pt(111) at cryogenic temperatures.
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The lack of bonding of water to a hydrophobic substrate as well as stratification induced by the substrate (in its vicinity) can also lead to the growth of ice films with a non-tetrahedral geometry and remarkable properties. Kimmel et al. 10 observed metastable crystalline ice grown at 100-135 K on Gr/Pt(111). This crystalline ice consists of two flat hexagonal layers of water molecules. The hexagons of each layer are placed directly on top of each other. In this structure each molecule forms three in plane hydrogen bonds with each nearest neighbors and one out of plane hydrogen bond with the molecule in the opposite layer. This way the number of hydrogen bonds is maximized. There are no dangling bonds on either surface of the ice. The ice is considered hydrophobic since adding a third water layer is energetically not favorable. Water molecules that are located on top of the double ice layer will either diffuse towards the edge of the ice and incorporate into the double layer or will form 3D clusters.
Similar ice films have also been observed on a Au(111) substrate 11 at cryogenic temperatures and it has been hypothesized to exist on any hydrophobic planar surface due to the weak (van der Waals) interactions of the water molecules with the atoms of the surface. 10 Molecular dynamics predicted the existence of these ice films in confined hydrophobic geometries 12 that can be stable at room temperature, 10,13 but they have yet to be experimentally observed.
It is well known that the properties of confined water are in many cases dramatically different from their bulk counterpart. These properties include complex phase behavior, non-tetrahedral bonding geometry, novel phase transitions and anomalous self diffusion.
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Even though most knowledge comes from MD simulations and DFT calculations, recent A F ree was kept below 10 nm and A SP was set to 0.95 × A F ree . This way a potential capture of the tip from the interfacial water structures was avoided. Furthermore, AFM imaging was performed inside an environmental chamber. The relative humidity (RH) inside the glove box and the AFM environmental chamber was controlled by an adjustable N 2 flow which either bubbled through a water bottle or directly purged into the chamber and was measured using a humidity sensor (SENSIRION EK-H4 SHTXX, Humidity Sensors, Eval Kit, SENSIRION, Switzerland), which has an accuracy of 1.8 % between 10-90 % RH. We emphasize that the experiments have been performed at RT.
Results and Discussion
Figure 1a describes the experimental process. MoS 2 and thin Gr flakes were initially exposed to high (80-90%) RH for a short period of time (5-10 mins) in a home built glove box. Water adsorbs on both surfaces, see the supporting information 2 for details. The Gr flakes are then deposited on top of the MoS 2 substrate. The adsorbed water is confined between the two surfaces and the system is ready to be imaged by AFM, as can be seen in figure 1c (we note here that samples made at low (1-30%) RH do not show any water structures at the interface, see figure 1b ). In contrast to water structures on the free graphite or MoS 2
substrates (see supp info 2), the confined water films are stable with well defined faceted edges, suggesting that they are ordered, i.e. crystalline. AFM phase images (see inset of figure 1c) suggest that these water structures are indeed between Gr and MoS 2 . In general, zero to little phase contrast (∼ 0 − 1 o ) is observed, which indicates that the probing tip always interacts with the same surface, i.e. Gr.
Occasionally, we observe that some of the water structures slowly grow over time, see figures 2a and 2b. We often observe that a propagating front -of a lower height contrast with respect to the initial structure-leads the growth, figure 2a. A movie of the growing ice structure is shown in the supporting information 3. The very rich growth and melting dynamics of these water structures will be discussed in detail in future work. Two height levels can also be seen at various other images and at different areas and samples, for instance, figure 2c shows islands under a few layers of Gr with two distinct height levels.
Cross-sections taken across the water films, figure 2d, reveal a total height difference with respect to their surroundings of 0.56 nm ± 0.02 nm (black curve). The cross-sections also reveal that each level (layer) has a height of about 0.28 nm (red and blue curves). These values do not correspond at all to the height of the bilayer of hexagonal ice 'Ih-ice' (0.37 nm)
or any multiples of it. However, they are rather close to the size of planar ice films, 0.285 nm. Furthermore, they clearly have a hexagonal symmetry as can be seen in the histogram of figure 3a, where a distribution of the angles between two adjacent island edges is shown.
A predominant peak at around 120 o is clearly observed, suggesting a hexagonal symmetry. surface, see supporting info 2, indicating that the growth of the islands is kinetically limited. Our results clearly demonstrate the existence of planar two-layer (2L) crystalline ice films with a hexagonal symmetry in a hydrophobic confinement and at RT. The observed ice structures are reminiscent of a novel ice phase, which has been first observed at low temperature experiments on hydrophobic substrates, such as graphene. 10,11 As has been described first elsewhere, 10,12 these ice films consist of two hexagonal planar layers in registry with each other and with a non-tetrahedral geometry. Every water molecule of the 2L ice forms four hydrogen bonds with its neighbors, three in the same plane and one out of plane The total area covered by water depends on the exposure time and the distance of the sample from the inlet of the water vapor into the glove box. Longer exposure and at a closer proximity to the inlet results in a larger lateral expansion of the two dimensional ice layers and often to a higher density of water droplets, see figure 4a . Figure 4b shows that all the 2L ice structures and the water droplets are under the Gr, no phase contrast is observed. Water droplets on top of the Gr show strong phase contrast (∼ 20 o ) and can be dragged by the AFM tip. We have never observed the growth of a third ice layer, which indicates that two layer thick ice is energetically more favorable than three layers thick ice.
Occasionally 3D droplets of various sizes are observed on top or at the edges of the 2L ice, figure 4 . DFT calculations 11 demonstrate that 1L or 3L thick ice are energetically less favored when compared to 2L thick ice: 3L ice is less stable than 2L ice by not less than 0.1 eV/H 2 O, 11 although it is slightly more stable than 1L ice. This last finding contradicts our observations since we have never observed any 3L ice structures, while in contrast, we have seen in many occasions 1L ice structures. We attribute this difference to the fine details of the hydrophobic confinement. The DFT calculations have been performed for ice structures on a hydrophobic solid-vacuum interface, however in our case the second hydrophobic wall might induce another limitation making the 3 layer ice energetically less unfavorable than The lack of OH dangling bonds on either of the two surfaces of the ice, gives the 2L ice a hydrophobic character. Water molecules that arrive on top of the two layer ice are weakly bound and will prefer either to diffuse towards the edges where they become part of the ice structure or form a 3D non wetting structure. 9, 10 This is also consistent with our system, since there is no observation of a layer by layer growth but rather a lateral expansion and/or the observation of 3D droplets on top or at the edges of the 2L ice. To test whether the droplets are indeed on top of the ice layers and not surrounded by ice, we have measured the droplet height as a function of footprint diameter and compared it to sessile water droplets on the MoS 2 surface, figures 5a and b. Note here that large droplets under the graphene display a polygonal shape, induced by the graphene cover. In order to avoid any misinterpretation of our results we have restricted our analysis to droplets with a spherical shape, see figure   5a . A clear difference is observed in figures 5a, 5b and 5c, suggesting that the droplets are in between different surfaces, i.e. Gr/MoS 2 (black points in figure 5 ) and Gr/2L ice (red points in figure 5 ). It is also evident from figure 5c that the contact angle of a water droplet between Gr and MoS 2 (black points) is substantially lower than the contact angle of large sessile water droplets on MoS 2 (blue points). 31 In order to check this in more detail we have measured water droplets on the bare MoS 2 surface and compared their sizes and contact angles with the confined droplets. We measured contact angles in the range of 60 o ,
i.e., very close but slightly smaller than the reported values for large sessile water droplets.
Note here that convolution effects have been taken into account according to ref. 33 We note that especially on the free sessile droplets, different tip-surface interactions can overestimate or underestimate up to some extent these measurements. The large difference in contact angles between sessile droplets on the MoS 2 surface and droplets confined between MoS 2
and Gr is attributed to confinement effects. The pressure induced by the confinement is substantial 26, 34 and therefore capable of deforming small droplets, resulting in the reduction of their contact angle.
The diameter and height of droplets confined between a 2D membrane, such as Gr, and a supporting substrate depend on the number of molecules, the adhesion energy between the membrane and the substrate, in that case either MoS 2 or 2L ice, and the elastic properties of the membrane. The ratio of the height vs the diameter is determined by the balance between van der Waals interactions and the elastic energy of graphene. 34 It has been proposed that this ratio is independent of the substance of the bubble/droplet. 34 Membrane or nonlinear plate theories are typically used to determine the adhesion energy of Gr with its substrate, by the use of a trapped bubble or blister. 35, 36 Yue et al. 35 demonstrated that for monolayer Gr covering relative big bubbles the membrane analysis is sufficient. This analysis uses a spherical cap approximation but does not take into account the small but finite bending stiffness of Gr. Therefore it does not describe the bubble's edges accurately but nevertheless provides a simple solution. Using membrane analysis the pressure inside the bubble is obtained by,
where E 2D is the 2D Young's modulus of single layer Gr, 37 H and L the height and footprint diameter of the droplet, P 0 is the external pressure, Φ =
and ν is Poisson's ratio equal to 0.16 for monolayer Gr. We have estimated the pressure inside the droplets between monolayer Gr and MoS 2 and monolayer Gr and 2L ice using equation (1) Using the ideal gas law, the Gr-substrate adhesion energy is directly related to the equilibrium droplet size, since it is a result of the potential energy of the droplet balanced by the interfacial energy. The adhesion energy (γ) is derived 35 to be equal to:
The Gr substrate adhesion energy is shown in figure 5e for both cases as calculated from equation (2) . It can be seen that Gr adheres better on the MoS 2 substrate with an adhesion energy in the order of ∼ 0.01 N/m whereas the Gr/2L ice adhesion energy is in the range of ∼ 0.003 N/m.
Conclusions
Our scanning probe investigation of confined water is consistent with the existence of a non- In order to determine the thickness of the graphene flake on MoS 2 we use AFM images.
In principle, AFM cannot provide accurate height interpretation between two different materials, i.e. Gr and MoS 2 , due to the different tip-surface interactions between the two surfaces.
In order to overcome this problem, we use regions where one of the sides of the graphene flake is folded, see for example figure 6 (a). These folds can be often found on exfoliated samples and are a product of the exfoliation process. They can be also manually created by scanning the edge of the graphene flake in contact mode. A line profile measurement across the fold, figure 6 (c), can then be used to exactly determine the thickness of the graphene flake, in this case the flake is a monolayer of graphene and thus the fold a bilayer.
Adsorption of Water on Graphene and MoS 2
In order to clarify that water adsorbs on both HOPG (or Graphene flakes) and MoS 2 surfaces we have exposed them at high relative humidity (80-90 %) for a couple of minutes and subsequently imaged the surfaces with AFM. The results are shown in figure 7 . Water adsorbs in the form of layers or droplets at both surfaces depending on the exposure time but also at the surface's morphology. We would like to note here that in contrast to the well defined ice structures that are confined between Gr and MoS 2 , these water layers are very dynamic with lousy edges and can be easily disturbed and modified by the probing tip.
Note also that they exhibit a large phase contrast with respect to their surroundings and in contrast to the confined structures.
Growth of Ice Crystals and Mobility of Small Clusters
We have recorded the dynamics of the 2L ice crystals by scanning continuously over a long surrounding crystals, indicating mass transport. As the crystal grows, often, a propagating 1 layer thick front is observed which acts as an apparent precursor of the 2L ice. The complete movie is given as a suppl. movie. Similar dynamics have been observed in several samples.
A detailed study of the growth and melting dynamics of the 2L ice crystals will be part of a future work.
We have also recorded the mobility of small 2L ice crystals. Snapshots are given in figure   9 . The 2L ice crystals moves with steps up to 100s of nanometer within a few minutes of measuring time. The high mobility of small clusters is explained by the weak interaction of the 2L ice with both surfaces (MoS 2 and Gr). 
